The iron-oxidizing bacterium Acidithiobacillus ferrooxidans MON-1 is highly resistant not only to mercuric chloride (HgCl 2 ) but also to organomercurials such as methylmercury chloride (MMC). We have found that cytochrome c oxidase, purified from strain MON-1, reduces Hg 2þ to volatilizable metal mercury (Hg 0 ) with reduced mammalian cytochrome c or Fe 2þ as an electron donor. In this study we found that cytochrome c oxidase can volatilize Hg 0 from MMC as well as from Hg 2þ with reduced mammalian cytochrome c or c-type cytochrome purified from strain MON-1 as an electron donor. We also found that MMC-Hg 0 volatilization activity is present in the MON-1 plasma membrane but not in the cytosol. These activities were strongly inhibited by sodium cyanide (NaCN) and the antibody produced against purified MON-1 cytochrome c oxidase. This is the first report to indicate that cytochrome c oxidase is involved in the degradation of organomercurials in microorganisms.
The iron-oxidizing bacterium Acidithiobacillus ferrooxidans MON-1 is highly resistant not only to mercuric chloride (HgCl 2 ) but also to organomercurials such as methylmercury chloride (MMC). We have found that cytochrome c oxidase, purified from strain MON-1, reduces Hg 2þ to volatilizable metal mercury (Hg 0 ) with reduced mammalian cytochrome c or Fe 2þ as an electron donor. In this study we found that cytochrome c oxidase can volatilize Hg 0 from MMC as well as from Hg 2þ with reduced mammalian cytochrome c or c-type cytochrome purified from strain MON-1 as an electron donor. We also found that MMC-Hg 0 volatilization activity is present in the MON-1 plasma membrane but not in the cytosol. These activities were strongly inhibited by sodium cyanide (NaCN) and the antibody produced against purified MON-1 cytochrome c oxidase. This is the first report to indicate that cytochrome c oxidase is involved in the degradation of organomercurials in microorganisms.
Key words: Acidithiobacillus ferrooxidans; organomercurial; mercury resistance; mercury reduction; cytochrome c oxidase Inorganic mercury and organomercurials are highly toxic to almost all organisms because they have a strong affinity for the thiol groups in proteins. 1, 2) For example, acute mercury poisoning can cause Minamata Disease. To reduce environmental pollution by mercurial compounds, it is important to remove and recover these compounds from mercury polluted soil and water. Bacteria resistant to Hg 2þ or organomercurials have the ability to reduce Hg 2þ to volatilizable metal mercury (Hg 0 ). [1] [2] [3] [4] [5] [6] A wide range of gram-negative and grampositive bacteria have mercuric reductase (MerA), which reduces Hg 2þ with NADPH as an electron donor, producing Hg 0 . 7, 8) Bacteria resistant to organomercurials can also volatilize Hg 0 , because they possess MerA and organomercurial lyase (MerB), which cleave the C-Hg bond in organomercurials. 1, 9, 10) In this report, we discuss a strain of the obligatory autotrophic iron-oxidizing bacterium Acidithiobacillus ferrooxidans, which inhabits acid mine drainage containing high concentrations of numerous heavy metals. The bacterium plays a crucial role in sulfide ore bioleaching [11] [12] [13] [14] [15] [16] and in bioremediation of acid mine drainage containing high concentrations of ferrous and ferric irons.
A. ferrooxidans cells are resistant to many heavy metals, excepting Hg 2þ , MoO 4 2À , Ag þ , and WO 4 2À . [17] [18] [19] [20] [21] [22] [23] [24] MerA, however, has been found in A. ferrooxidans; 20, 23, [25] [26] [27] the enzyme isolated from A. ferrooxidans TFI 29 has a molecular weight of 130 kDa, and is composed of two subunits (54 kDa and 62 kDa). 25) The genes of A. ferrooxidans involved in the volatilization of Hg 0 have been cloned and characterized in detail. 2, [28] [29] [30] [31] [32] Recently, a novel Fe 2þ -dependent mercury volatilization enzyme system was found in several A. ferrooxidans strains; mercury-resistant cytochrome c oxidase catalyzed the reduction of Hg 2þ with reduced mammalian cytochrome c or Fe 2þ as the electron donor to produce Hg 0 . 18, 27, 33) The Fe 2þ -dependent mercury volatilization system in mercury-resistant A. ferrooxidans MON-1 cells appears to be active in the presence of high concentrations of Hg 2þ , particularly at more than 5 mM Hg 2þ in the medium. 27) Many studies of the A. ferrooxidans enzymes and genes involved in mercury resistance have been carried out using inorganic mercuric chloride (HgCl 2 ). In contrast, there have been few reports on A. ferrooxidans strains resistant to organomercurials, because A. ferrooxidans does not have an organomercurial lyase gene (merB). 32) We have found that A. ferrooxidans MON-1 was most resistant to p-chloromercuribenzoate (PCMB) of the A. ferrooxidans strains tested, 34) and that MON-1 cells had MerB-like activity that catalyzed the volatilization of Hg 0 from methylmercury chloride (MMC), p-chloromercuribenzoate (pCMB), and phenylmercury acetate (PMA). 34) In this study, we found that cytochrome c oxidase purified from A. ferrooxidans MON-1 volatilized Hg 0 from MMC and HgCl 2 , with reduced mammalian cytochrome c or c-type cytochrome purified from strain MON-1 as an electron donor. These activities were strongly inhibited by NaCN and an antibody produced against a purified MON-1 cytochrome c oxidase. This is the first report to indicate that cytochrome c oxidase is involved in the degradation of organomercurials in microorganisms.
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Materials and Methods
Microorganisms, medium, and growth conditions. The iron-oxidizing bacterium used in this study was A. ferrooxidans MON-1.
27) The bacterium was cultivated under aerobic conditions at 30 C in an electrolytic cultivation apparatus under potentiostatic conditions. 35, 36) The apparatus had catholyte and anolyte baths separated by a cationexchange membrane, into which platinum electrodes were inserted. 36) The anolyte bath was filled with 3,000 ml of iron medium (pH 2. Activity of MMC decomposition. MMC decomposition activity was measured with resting cells, cell extract, or a plasma membrane of A. ferrooxidans MON-1 as enzyme source. The reaction mixture (10 ml) used in the measurement of resting cells activity was composed of water acidified with H 2 SO 4 (pH 2.5), iron-or sulfur-grown A. ferrooxidans MON-1 (1.0 mg of protein) resting cells, and MMC (0.1 mM). The reaction mixture (5 ml) used in the measurement of cell extract and plasma membrane activity was composed of 50 mM sodium citrate buffer (pH 5.8), 0.5 mM EDTA-Na, 1 mM 2-mercaptoethanol, 0.2 mM MgSO 4 . 7H 2 O, 2.5 mg of bovine serum albumin (BSA), MMC (0.1 mM), and cell extract or plasma membranes (1.0 mg of protein). An aliquot of each reaction mixture was withdrawn to extract the MMC with benzene. It was analyzed by electron-capture detector gas chromatography (Shimadzu GC-4A, Kyoto, Japan). The gas phase was nitrogen gas and the gas pressure was 10 kg/cm 2 . The temperatures of the GS column, the electron-capture detector, and the sample injector were 150 C, 250 C, and 200 C respectively.
Reduced mammalian cytochrome c-dependent mercury volatilization activity. The amounts of Hg 0 volatilized from HgCl 2 and MMC in the presence of cytochrome c oxidase purified from strain MON-1 were measured. The reaction mixture was composed of 0.1 M sodium citrate buffer pH 5.7 (4.5 ml), mammalian cytochrome c (32 nmol), ascorbic acid (10 mmol) and purified cytochrome c oxidase (1 to 2 mg of protein), and Hg 2þ (2.5 nmol) or MMC (0.5 nmol). The total volume was 5.0 ml. Each of the reaction flasks contained 5.0 ml of the reaction mixture plus 2 ml of 0.2% KMnO 4 solution in a small test tube. The reaction was carried out under aerobic conditions at 30 C. The Hg 0 volatilized and trapped into the KMnO 4 solution was measured by cold-vapor atomic absorption spectroscopy. 18, 27) Preparation of cell extract, cytosol, and plasma membrane. Resting cells were washed 3 times with 0.1 M sodium phosphate buffer (SPB) (pH 7.5) and suspended in a minimal volume of the same buffer. The washed cells were broken by passing them through a French press 3 times at 1,200 kg/cm 2 and centrifuging at 12;000 Â g for 15 min to obtain the supernatant fraction (cell extract). The cell extract was further centrifuged at 105;000 Â g for 1 h to obtain the supernatant (cytosol) and precipitate (plasma membrane). The plasma membrane was resuspended in 0.1 M SPB (pH 7.0) and centrifuged at 105;000 Â g for 1 h to remove the contaminated supernatant fraction. This plasma membrane washing treatment was repeated 2 times; the washed plasma membrane was used as an enzyme source.
Purification of cytochrome c oxidase. Iron-grown A. ferrooxidans cells were incubated in 0.1 M -alanine-SO 4 2À buffer (pH 2.0) containing 2% 1-O-n-octyl--D-glucopyranoside (OGL) and 1 M Na 2 SO 4 for 1 h to extract cytochrome c oxidase. 37) After solubilization treatment with OGL, the solution was centrifuged at 105;000 Â g for 60 min to obtain the supernatant fraction (2% OGL extract). Solid ammonium sulfate was added slowly to the 2% OGL extract to produce a 45% concentration. The red precipitates (cytochromes) were precipitated by centrifugation at 10;000 Â g for 15 min. The supernatant obtained after 45% ammonium sulfate fractionation was collected and applied to a Phenyl-TOYOPEARL 650M column (2 by 10 cm) equilibrated with 0.1 M -alanine-SO 4 2À buffer (pH 3.0) containing 0.2% OGL and 1.0 M ammonium sulfate. The cytochrome c oxidase fraction from the previous step was further applied to a Sephadex G-100 column (1.5 by 70 cm) equilibrated with 0.1 M -alanine-SO 4 2À buffer (pH 3.0) containing 0.2% OGL and 1.0 M ammonium sulfate. Finally, the enzyme fraction was applied to a SuperdexÔ 75 column (2 by 20 cm) equilibrated with 0.1 M -alanine-SO 4 2À buffer (pH 3.0) containing 0.2% OGL and 1.0 M ammonium sulfate. The cytochrome c oxidase obtained after SuperdexÔ 75 column chromatography was used in this study.
In summary, the c-type cytochromes (Cyc1 and Cyc2), involved in iron oxidation in A. ferrooxidans 38, 39) were partially purified from strain MON-1. The red precipitate obtained after 45% ammonium sulfate fractionation was further purified by SuperdexÔ 75 and Sephadex G-100 column chromatography.
Preparation of antibody. The antibody against a purified cytochrome c oxidase was raised in a male Japanese white rabbit with a mixture of an equal volume of Freud's complete adjuvant and 0.5 mg of antigen cytochrome c oxidase. The rabbit received injections 5 times over 10 weeks and was bled after sufficient antibody production was confirmed by double immunodiffusion analysis. Enrichment of IgG was made by (NH 4 ) 2 SO 4 fractionation, as follows: The rabbit serum was mixed with an equal volume of saturated (NH 4 ) 2 SO 4 in 50 mM phosphate buffer (pH 7.0). The washed precipitate was dissolved in 20 mM phosphate buffer, (pH 7.0) and dialyzed for 1 week against the same buffer. The same dialysis treatment was repeated once. The dialyzed solution was centrifuged, and the supernatant was stored at À70 C until needed.
Protein content. Protein content was measured by the Lowry method, with crystalline BSA as the standard.
40)

Results
Decomposition of MMC by resting cells of A. ferrooxidans MON-1
We have reported that A. ferrooxidans MON-1 is highly resistant to both inorganic and organomercurials as compared with more than 100 other strains of A. ferrooxidans, and is able to grow on 3% ferrous sulfate medium (pH 2.5) with 20 mM of HgCl 2 or 0.1 mM of p-chloromercuribenzoic acid (PCMB). 27, 34) The strain can also grow on 1% sulfur medium (pH 2.5) with 10 mM HgCl 2 and with 0.2 mM PMA. 41) Resting MON-1 cells can volatilize Hg 0 from PCMB, PMA, and MMC. 34) Thus, early studies on mercury resistance in A. ferrooxidans cells strongly suggest that A. ferrooxidans, although it does not have organomercurial lyase gene (merB), 32) possesses an enzyme that decomposes organomercurials. Hence, we tried to determine what kind of enzyme is involved in the decomposition of organomercurials in A. ferrooxidans. MMC decomposition by iron-and sulfur-grown MON-1 cells was studied by measuring the decrease in the MMC concentration in the reaction mixture with an Electron-Capture-Detector (ECD) gas chromatography. Both iron-and sulfurgrown cells decomposed MMC at nearly the same rate (Fig. 1) . In contrast, resting cells boiled for 10 min decomposed MMC only to a small extent as compared with non heat-treated resting cells.
Decomposition of MMC and PMA was also studied by measuring Hg 0 volatilization from these organomercurials by resting cells of iron-and sulfur-grown MON-1 cells. Both iron-and sulfur-grown cells decomposed MMC, and at nearly the same rate (Fig. 2) . In contrast, resting cells, which were boiled for 10 min, decomposed MMC only a little as compared with the resting cells without heat treatment. This indicates that A. ferroox-idans MON-1 cells have an enzyme activity that decomposes organomercurials and produces Hg 0 . Production of Hg 0 from MMC or PMA by MON-1 cells was markedly inhibited by NaCN, suggesting that aa 3 -type cytochrome c oxidase, one of the components of iron oxidation enzyme system in A. ferrooxidans, is involved in the MMC and PMA decomposition reactions.
Location of MMC decomposition activity in A. ferrooxidans MON-1 cells
Resting cells of iron-grown A. ferrooxidans MON-1 suspended in 0.1 M Tris(hydroxylmethyl)aminomethane-SO 4 2À buffer (pH 7.5) were disrupted by sonic oscillation for 20 min and then centrifuged at 12;000 Â g for 20 min to obtain the supernatant (cell extract). The cell extract was further centrifuged at 105;000 Â g for 60 min to obtain a precipitate (plasma membrane fraction) and supernatant (cytosol fraction). The activities of MMC decomposition by cell extract, cytosol, and plasma membrane were studied by measuring the decrease in the MMC concentration in the reaction mixture by ECD gas chromatography, and by the amount of Hg 0 volatilized from the reaction mixture containing reduced mammalian cytochrome c. Almost all the activity in the cell extract was observed in the plasma membrane, not in the cytosol (Fig. 3) . The levels of MMC decomposition activities of cell extract boiled for 10 min, cytosol, and plasma membrane fractions were low as compared with the levels for the enzyme solutions without heat treatment. The MMC decomposition activity of the plasma membranes was strongly inhibited by 1 mM NaCN, suggesting that aa 3 -type cytochrome c oxidase in A. ferrooxidans is involved in MMC decomposition.
Volatilization of Hg
0 from MMC by cytochrome c oxidase purified from A. ferrooxidans strain MON-1
We partially purified cytochrome c oxidase (52.5 mU/mg of protein) from iron-grown A. ferrooxidans MON-1 cells using CM-Toyopeal 650M and TSK-gel Since a low level of c-type cytochrome was still a contaminant in the partially purified enzyme, we improved the purification procedure to obtain cytochrome c oxidase without c-type cytochromes. In the improved method, the enzyme was directly extracted from MON-1 resting cells with 0.1 M -alanine-SO 4 2À buffer (pH 2.0), containing 2% OGL and 1.0 M (NH 4 ) 2 SO 4 , and then further fractionation was done by ammonium sulfate, Phenyl-650M, Sephadex G-100, and SuperdexÔ 75 column chromatography. The finally purified cytochrome c oxidase (92.2 mU/mg of protein) showed absorption peaks at 439.5 and 594.5 nm in reduced form (Fig. 4) , and did not contain c-type cytochromes. The purified enzyme was composed of three subunits, with apparent molecular weights of 52 (), 26 kDa (), and 22 kDa (). The N-terminal amino acid sequence of 10 residues of the 22-kDa band (-subunit) was AAKKGMTTVL, the same as that of the -subunit of cytochrome c oxidase from A. ferrooxidans strains OK1-50, SUG 2-2, Funis 2-1, NASF-1, 43) and ATCC 23270. 37) Volatilization of Hg 0 from HgCl 2 and MMC was studied with a purified MON-1 cytochrome c oxidase as enzyme source. Ascorbic acid was added to the reaction mixture to reduce the oxidized form of cytochrome. Surprisingly, the purified enzyme catalyzed Hg 0 volatilization from both HgCl 2 and MMC with reduced mammalian cytochrome c and reduced c-type cytochrome (Cyc1 plus Cyc2) purified partially from A. ferrooxidans MON-1 (Fig. 5) . In contrast, the levels of Hg 0 volatilized from the reaction mixtures containing ascorbic acid and reduced cytochrome c, but without purified cytochrome c oxidase, were much lower than those with purified cytochrome c oxidase in the presence of HgCl 2 (0.75 mmol/h) and MMC (0.04 mmol/h) respectively. Control experiments using purified cytochrome c oxidase and ascorbic acid or purified cytochrome c oxidase and reduced mammalian cytochrome c showed low levels of Hg 0 volatilization activity in the presence of HgCl 2 and MMC as compared with the complete reaction mixture. Hg 0 volatilization activity was strongly inhibited by 0.5 mM of sodium cyanide (Fig. 5 ).
To confirm that the A. ferrooxidans MON-1 cytochrome c oxidase is involved in Hg 0 volatilization not only from HgCl 2 but also from MMC, the effect of the antibody produced against a purified MON-1 cytochrome c oxidase on Hg 0 volatilization activity was studied. The amounts of Hg 0 volatilized from the control reaction mixtures containing antibody, ascorbic acid, and mammalian cytochrome c, but without purified cytochrome c oxidase, in the presence of HgCl 2 and MMC were approximately 0.75 and 0.04 mol/mg protein/h respectively (data not shown). The Hg 0 volatilization activities of both HgCl 2 and MMC were completely inhibited by 50 mg/ml of the antibody (Fig. 6) . These results indicate that the cytochrome c oxidase in highly mercury-resistant A. ferrooxidans MON-1 has the ability to volatilize Hg 0 from MMC as well as Hg 2þ .
Discussion
It is known that A. ferrooxidans does not have the organomercurial lyase gene (merB) in its genome. 32) However, we recently found that A. ferrooxidans MON-1, which is resistant not only to HgCl 2 but also to organomercurials, has enzyme activity that volatilizes Hg 0 from organomercurials 27, 34, 41) as well as from Hg 2þ . These results suggest that this A. ferrooxidans has an organomercury decomposition system not composed of organomercurial lyase (MerB) and MerA. Hence, it is important to clarify what enzyme is involved in the decomposition of organomercurials in A. ferrooxidans MON-1 cells.
In this study, we found that enzyme activities, that decompose and volatilize Hg 0 from MMC were present in the plasma membrane but not in the cytosol of strain MON-1 cells (Fig. 3) . This confirms surpport that the organomercury decomposition system in A. ferrooxidans MON-1 cells differs from the MerB-system, because its organomercurial lyase shows enzyme activity in the cytosol, not in the plasma membrane.
1) The evidence that both the MMC decomposition and the Hg Absorption spectra of cytochrome c oxidase (0.48 mg/ml) were recorded with a Shimadzu UV-1700 spectrophotometer. Symbols: -, enzyme reduced with hydrosulfite; ---, enzyme oxidized with potassium permanganate.
cytochrome c oxidase, suggests that aa 3 -type cytochrome c oxidase is involved in organomercury decomposition as well as Hg 2þ reduction. This is confirmed by our previous observation that aa 3 -type cytochrome c oxidase isolated from strain SUG and MON-1 volatilized Hg 0 from Hg 2þ in the presence of reduced mammalian cytochrome c, 2,3,5,6-tetramethyl-p-phenylendiamine (TMPD), and of Fe 2þ . 33, 42) Based on these findings, we repeated aa 3 -type cytochrome c oxidase purification, gaining a more highly purified enzyme (Fig. 4) . We then checked the Hg 0 volatilization activity of MMC with this purified enzyme. The purified cytochrome c oxidase volatilized Hg 0 not only from Hg 2þ but also from MMC in the presence of reduced MON-1 cytochrome c (Cyc1 and Cyc2) 38, 44) as well as reduced mammalian cytochrome c (Fig. 5) . Furthermore, both the Hg 0 volatilization activity of Hg 2þ and that of MMC were strongly inhibited by NaCN and the antibody raised against further purified MON-1 cytochrome c oxidase (Figs. 5 and 6 ). Based on results, we concluded that aa 3 -type cytochrome c oxidase volatilizes Hg 0 from organomercurials in the presence of reduced cytochrome c in highly mercury resistant A. ferrooxidans MON-1. This is the first report to indicate that cytochrome c oxidase is involved in the degradation of organomercurials in microorganisms.
Can all of the cytochrome c oxidases found in the bacterial world volatilize Hg 0 from Hg 2þ and MMC in the presence of reduced cytochrome c? The answer to this question is probably no, because A. ferrooxidans strain MON-1 cytochrome c oxidase differs from the Hg 2þ and organomercury sensitive A. ferrooxidans strains. That is, the aa 3 -type cytochrome c oxidase purified from strain MON-1 is much more resistant to Hg 2þ than those from Hg 2þ -sensitive A. ferrooxidans strains, including AP19-3 and ATCC 23270. 42) We have reported on the isolation of five physiologically different A. ferrooxidans strains, and we stressed the importance of cytochrome c oxidase in determining the cell's physiological differences. 43) A. ferrooxidans strain Funis 2-1 is resistant to molybdenum (Mo 5þ ), strains Funis 2-1 and SUG 2-2 to Hg 2þ , strain OK1-50 to sulfite ion, and strain NASF-1 to 2,4-dinitrophenol. In contrast, A. ferrooxidans strain AP19-3 is sensitive to all these toxic compounds. 43) A. ferrooxidans strains resistant to Mo 5þ , Hg 2þ , SO 3 2À , and 2,4-DNP have a cytochrome c oxidase differing from that of sensitive strain AP19-3 with respect to apparent molecular size and N-terminal amino acid sequence. 43) It is understandable that mercury resistant-cytochrome c oxidase in MON-1 cells can catalyze Hg 2þ reduction with reduced cytochrome c. 33, 42) However, we do not understand how aa 3 -type cytochrome c oxidase cleaves the carbon-mercury bond in MMC or PMA. Among the three subunits of cytochrome c oxidase, the -and -subunits appear to be important in the development of Hg 0 volatilization (reduction) activity because they have heme-and copper-binding sites. 44) The amounts of mercury bound to cytochrome oxidase purified from A. ferrooxidans strains AP19-3, Funis 2-1, and SUG 2-2 were estimated to be 1.5, 5.3, and 6.2 mg/mg of protein respectively.
33) The amounts of mercury bound to -, -, and -subunits of strain SUG 2-2 cytochome c oxidase were 3.5, 2.6, and 0.7 mg/mg of protein respectively.
33) The highly mercuryresistant A. ferrooxidans MON-1 used in this study was isolated from culture medium of mercury-resistant A. ferrooxidans SUG 2-2 18) after successive cultivation in an iron medium with increasing amounts of HgCl 2 up to 40 mM.
27) The finding that -and -subunits in a SUG2-2 cytochrome c oxidase bound much more mercury than -subunit suggests that -and -subunits play more important roles than -subunit in carbonmercury bond cleavage and in Hg 2þ -reduction with reduced cytochrome c in the cytochrome c oxidase of strain MON-1, which was derived from strain SUG 2-2. Work is presently underway to identify the binding sites of organomercurial and Hg 2þ in the MON-1 cytochrome c oxidase subunits.
Sulfur-grown A. ferrooxidans MON-1 has nearly the same MMC-and PMA-decomposition activity levels ( Figs. 1 and 2 ). Nearly identical Hg 0 volatilization activities for Hg 2þ have also been found in iron-and sulfur-grown MON-1 cells. 41) These results are understandable, because sulfur-grown MON-1 cells as well as iron-grown MON-1 cells synthesize aa 3 -type cytochrome c oxidase.
